and extend into the contralateral optic tract, as in the wild type (Figure 2A ). However, in contrast to the wild type, a sizeable proportion of RGC axons in the mutant exhibited several different pathfinding defects at the optic chiasm. In some cases, an abnormally large contingent of RGC axons failed to decussate at the chiasm and instead projected through the ipsilateral optic tract or passed through the chiasm and into the opposite optic nerve ( Figure 2B ). In other cases, they aberrantly deviated at the midline dorsally into the hypothalamus ( Figure 2C ) or appeared to stop their extension at the midline ( Figure 2D ). Subsets of these phenotypes were observed in different mutant animals. In addition, in the Brn-3.2 mutant, a substantial proportion of RGC axons extending through the contralateral optic tract appeared to stall within the optic tract in dorsal diencephalon as they approached the midbrain and failed to extend caudally to the SC (Figures 2E and 2F ). This stalling of RGC axons within the dorsal optic tract is perhaps better appreciated by labeling smaller numbers of RGC axons using focal injections ( Figure 2G ). The accumulated attrition of RGC axons due to these pathfinding defects within the brain, as well as the intraretinal ones described above, results in a substantial reduction in the number of RGC axons that reach the SC in Brn-3.2 Ϫ/Ϫ mice (Figures 2E and 2F; also see Figure 1 ). Together, these data indicate that RGC axons in Brn-3.2 Ϫ/Ϫ mice exhibit pathfinding defects at multiple points along their pathway.
To determine whether the RGC axons that reach the SC in Brn-3.2 Ϫ/Ϫ mice establish correct topographic projections, we made small focal injections of DiI either into the retina (n ϭ four wild type, five mutant) or the SC (n ϭ four wild type, six mutant) at P14, after the mature retinocollicular topographic map is normally established . In wild-type mice, anterograde labeling from an injection in temporal-dorsal retina labeled a dense termination zone formed by the overlapping arbors of RGC axons confined to the topographically appropriate rostral-lateral SC ( Figure 3A ). In contrast, in Brn-3.2 Ϫ/Ϫ mice, a similar injection did not result in the labeling of a discrete, dense termination zone, but instead labeled widely branched axons that diffusely covered much of the SC, with little indication of appro- Figures 4C and 4D) . Thus, the intraretinal and optic examination of the mutant SC did not reveal major abnerve defects observed in the Brn-3.2 mutant are not normalities in its size, shape, or architecture (data not due to changes in the expression of Netrin-1 or DCC.
SC of
shown). In addition, both the level and pattern of expresAlthough Brn-3.2 expression in the ventral diencephasion of ephrin-A2 and -A5 in the SC appeared normal lon has not been detected, one cannot rule out transient expression during a brief period of development that in Brn-3.2 Ϫ/Ϫ mice at E15.5 (data not shown) and at P0 ( Figures 4G and 4H) , suggesting that the developing SC as the tester to identify genes that may be upregulated by Brn-3.2. Following three rounds of hybridization and is normal in the Brn-3.2 mutants, with the lack of Brn-3.2 function possibly compensated by Brn-3.0. The examplification with increasing ratios of driver to tester (100, 800, 1000), the RDA products were cloned directly pression of the ephrin receptors, EphA6 and EphB2 in the retina, and of ephrin-B2 in the SC, also appeared into plasmid vectors and sequenced. For an initial test of differential expression, a sample of RDA inserts were normal at E15.5 in Brn-3.2 Ϫ/Ϫ mice (data not shown). These findings suggest that the aberrant topographic picked randomly, radiolabeled, and hybridized to Southern blots consisting of drivers from wild-type and Brnmapping of RGC axons in the SC of Brn-3.2 mutants may be due to cell-autonomous defects in RGCs, but it 3.2 Ϫ/Ϫ retinas. About 80% of the genes tested by Southern blot analysis appeared to be differentially expressed may also be due to a diminished competitive interaction between RGC axons resulting from the substantial rein mutant retina ( Figure 5A and data not shown). After correction for multiple occurrences of identical inserts, duction in the number that reach the SC. and sequences representing different fragments of the same gene, we obtained 28 potential targets for Brn-3.2.
Representational Difference Analysis and Isolation
Thus far, our screening has yielded three potentially of Candidate Target Genes novel genes, and seven with matching sequences in To understand the molecular mechanisms by which Brnmouse EST and human genomic and cDNA databases 3.2 exerts its effects on RGC axon guidance, we began (
Figure 5B), the structure and function of which are not to identify candidate target genes using a modification reported. We also obtained a number of genes that share of RDA. Our approach is based on the protocol originally a very low degree of homology with known genes and designed for the identification of polymorphisms in gecannot be classified at this time. In addition, we identinomic DNA ( 
Functional Analysis of abLIM in the Developing Chick Visual System
To address the functional significance of our RDA findings, we used the RCAS(B) recombinant retroviral vector system (Homburger and Fekete, 1996). Among the candidates identified thus far, abLIM appeared to be particularly well suited to have a direct role in mediating RGC pathfinding, based on its functional and structural characteristics and its expression in the chick retina, con- 
RGC Axon Pathfinding Defects in the Chick Optic Pathway after Overexpression of abLIM DN (A-C) Whole-mounted retina of E10 chick embryos transfected with RCAS-EGFP (A) or RCAS-abLIM DN -IRES-EGFP (B and C). Retinal ganglion cells (RGC) and RGC axons labeled with EGFP

Discussion
environmental cues required for proper axon pathfinding. Using the chick visual system as a model, we have provided data strongly supporting the view that one of In this manuscript, we provided evidence that the class IV POU domain transcription factor Brn-3.2 has a critical these targets, the mouse homolog of the actin binding zinc finger protein abLIM (m-abLIM) is part of the role in regulating RGC axon pathfinding and the establishment of topographic maps in the developing mouse Brn-3.2-dependent program regulating RGC axon pathfinding. Our study indicates that at least one aspect of visual system. To begin to unravel the Brn-3.2-dependent regulatory program that underlies these events, Brn-3.2-dependent program may involve a signal transduction cascade that links cell surface events to cytowe initiated the identification of candidate target genes using a modification of RDA, which resulted in the clonskeletal changes. ing of a series of genes connected to axon pathfinding and likely to function at the levels of gene tanscription, Role of Brn-3.2 in Axon Guidance at Major Decision Points signal transduction, and cell-cell interactions. The spatiotemporal patterns of expression of these genes in the Brn-3.2 is essential for the survival of RGCs in mice, and previous studies suggested that excessive RGC developing retina, combined with the alteration of their mRNA levels in Brn-3.2 Ϫ/Ϫ mice, suggest that Brn-3.2 loss in the mutant does not result from problems in cell fate determination or premature onset of naturally may be responsible for the hierarchical control of molecules mediating the response of the growth cone to occurring RGC death, but may be due to defects in axon growth and pathfinding (Erkman et al., 1996; Gan et al., tributing factor is a diminished competitive interaction 1996, 1999; Xiang, 1998). Our present study examining between RGC axons due to their substantially reduced the developmental time course of changes in axon numnumber (Simon et al., , 1994 ). ber in the optic nerve of wild-type and Brn-3.2 Ϫ/Ϫ mice We also considered the possibility that genes exhas revealed that axons are added and removed from pressed in RGCs that have well-established roles in the optic nerve at similar rates, but the absolute numbers axon guidance could represent targets for Brn-3.2. Howof axons are lower in the mutant at all developmental ever, we found that in the mutant retina, expression of stages including those that precede detectable apotwo members of the Eph family of receptor tyrosine ptotic cell death (Xiang, 1998; Gan et al., 1999) . This kinases, EphA6 and B2, as well as the Netrin-1 receptor suggested that defects in RGC axon pathfinding within DCC, was normal. Axon pathfinding defects at the optic the retina contributes to the hypoplastic optic nerve chiasm of Brn3.2 Ϫ/Ϫ mice are intriguingly similar to the phenotype in Brn genes, therefore, appeared to be a promising approach Brn-3.2 is likely to control RGC-autonomous compofor the characterization of additional molecules involved nents of axon guidance, since the morphology of neural in RGC axon pathfinding by the growth cone and for structures and expression domains of many regulatory dissection of the molecular pathways controlled by Brnmolecules are normal along the pathway. The morphol-3.2. Using a modification of RDA, we cloned several ogy of the optic stalk, as well as the expression of Netpotential Brn-3.2 target genes. This method was prerin-1, which is known to direct axons to the optic nerve, viously applied to the detection of differential gene exappeared normal. In the ventral diencephalon of E11.5 pression, but only from abundant sources of mRNA, and embryos, expression domains of Shh, Nk2.1, and Nkx2.2 with large differences between transcript levels to be did not reveal any abnormalities in Brn-3.2 Ϫ/Ϫ mice. Even compared (for example, see Hubank and Schatz, 1994 ; in the SC, where Brn-3.2 is expressed, we did not obNiwa et al., 1997; Morris et al., 1998). To overcome the serve major morphological defects in Brn-3.2 genelimitations due to the relatively small size of the embrydeleted mice, and in situ hybridization analysis revealed onic mouse retina and its cellular heterogeneity, with normal expression patterns for ephrin-A2, -A5, and -B2.
developing RGCs representing only a fraction of the These data further support the view that axon pathfindtotal population, we introduced modifications to the ing and topographic aberrancies observed in Brn-3.2 RDA approach. These included the addition of a syngene-deleted mice are unlikely to result from defects thetic mRNA to the cDNA synthesis reaction and the in the SC where the coincident expression of Brn-3.0 adjustment of the ratios of driver to tester used in each appears to compensate for the lack of Brn-3.2 function.
round of annealing prior to PCR amplification. Thus, the Although the formation of abnormally diffuse, poorly method was amenable to studies of subtle differences ordered arbors in the SC of Brn-3.2 mutants may be between small and heterogeneous cell populations in due to RGC's inability to respond appropriately to topographic guidance molecules, it is also likely that a conthe nervous system and, importantly, permitted the clon-ing of several novel sequences, which, at the present served during evolution with respect to axon pathfinding events and to modulate specific molecular pathways time, is not fully achievable using the microarray technology.
controlled by Brn-3.2, serving, in some instances, as intermediates in the regulation of genes encoding cytoThe candidate target genes presenting identity or significant homology to previously characterized genes inplasmic and cell surface molecules. The temporal pattern of Brn-3.2 expression followed by Irx6 and Olf-2 clude Irx6, Olf-1, Olf-2, and abLIM, which have been shown to function in axon pathfinding in other species and finally m-abLIM in RGCs is very suggestive of such a role for these transcription factors. We have obtained and, therefore, are excellent candidates for mediating specific aspects of the axon guidance program regupreliminary indication for a role for Irx6 in NGF-and cAMP-induced neurite extension, as transient transfeclated by Brn-3.2. Irx6 is a member of the homeodomain transcription factor family, with substantial homology to tion in the 26W sensory cell line of an expression vector containing the homeodomain of Irx6 fused in frame to the Drosophila iroquois complex, shown to determine somatotopy in sensory neurons (Grillenzoni et al., 1998) . Olf-1, and Olf-2) are also likely to have functions con-
